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Phosphorylation of tyrosine residue (Y1204) of rat nephrin by
Fyn kinase allows Nck adaptor protein binding to nephrin
motifs, which include the phosphorylated tyrosine. This
phosphorylation-dependent switch induces actin
polymerization in a cell culture system. Here, we generated
an antibody recognizing phosphorylated nephrin at the Nck
binding sites pY1204 and pY1228 to determine the
phosphorylation status of nephrin using a rat model of
puromycin aminonucleoside-induced nephrosis. Changes in
globular actin (G-actin) and filamentous actin (F-actin)
contents in isolated glomeruli were measured by western
blot. Before experimental nephrosis, both Y1204 and Y1228
were phosphorylated, and most of the actin was filamentous.
Before the onset of overt proteinuria, however,
phosphorylation of both Y1204 and Y1228 rapidly decreased
and became almost undetectable. During this period, the
amount of F-actin in glomeruli began to decrease, whereas
G-actin increased. Phosphorylation of nephrin at Y1228 in
glomeruli of patients with minimal change nephrosis was
significantly decreased compared with that in normal
glomeruli. Our study suggests that tyrosine phosphorylation
of nephrin by regulating F-actin formation may be important
for the maintenance of normal podocyte morphology and
function.
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Nephrin is a gene product of NPHS1,1 the gene mutated in
Finnish-type nephrosis. It is a transmembrane protein
belonging to the immunoglobulin superfamily, and it is a
major component of the slit diaphragm in glomeruli. Several
proteins, such as podocin,2 CD2AP,3 and CASK,4,5 bind to
the cytoplasmic domain of nephrin. This binding suggests
that nephrin is not only a structural protein in the slit
diaphragm but also a protein that transmits signals from the
slit diaphragm into the interior of podocytes. Recently,
nephrin was found to be phosphorylated by an Src family
kinase, Fyn, at Y1204 in rats and Y1208 in mice.6,7 Nck, an
adaptor protein with three SH3 and one SH2 domains, was
then found to bind to the motif containing tyrosine
phosphorylated by Fyn through its SH2 domain. As the
SH3 domains of Nck bind various molecules, including p21-
activated kinase8 and Wiskott–Aldrich syndrome protein,9
nephrin phosphorylation was speculated to initiate an
important signal cascade in podocyte biology. In fact, Fyn
knockout and podocyte-specific gene knockout of Nck1 and
Nck2 in mice caused proteinuria and abnormalities in the
foot process formation.6,10 However, the downstream events
in this signal-transduction pathway are largely unknown. Cell
culture studies using an overexpression system suggested that
the nephrin–Nck interaction led to localized actin polymeri-
zation.6,7 However, the role of nephrin phosphorylation in
glomeruli in vivo remains to be determined. Verma et al.7
used an antibody to detect the phosphorylation of mouse
nephrin at Y1208 and found that nephrin phosphorylation in
the normal glomeruli of adult mice was minimal, but
transiently increased during foot process effacement in
protamine sulfate-induced podocyte injury. Li et al.11
reported that tyrosine phosphorylation in nephrin was
increased in rats with passive Heymann nephritis. These
data suggest that nephrin phosphorylation is involved in the
pathogenesis of glomerular diseases. However, Li et al.12
reported in a different study that tyrosine phosphorylation of
nephrin was detected in normal rat glomeruli and was
decreased 7 days after puromycin injection. This finding
suggests that nephrin phosphorylation is physiologically
important for maintaining the morphology and function of
podocytes. However, Li et al.12 used anti-phosphorylated
tyrosine antibody to detect nephrin phosphorylation. There
are about 10 possible tyrosine phosphorylation sites in the
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cytosolic region of nephrin. Accordingly, it is not known
whether the changes in nephrin phosphorylation observed by
Li et al. occurred at Y1204.
To clarify this issue, we generated antibodies to detect
nephrin phosphorylation at Y1228 and at Y1204 (corres-
ponding to mouse Y1208). Although the reports by Li et al.11
and Verma et al.7 showed that involvement of Y1228 in the
phosphorylation of nephrin by Fyn was inconclusive, Jones
et al.6 reported that pY1228 was the only Nck binding site
other than pY1204 among the conserved tyrosine residues of
rat, mouse, and human nephrin. Accordingly, Y1228 could
be another important phosphorylation site in vivo in the
Nck-mediated signal cascade, which was missed by phos-
phorylation assays in vitro and in cultured cells.
In this study, we found that Y1228 and Y1204 were
phosphorylated in vivo in normal rat glomeruli. These
phosphorylations rapidly decreased after puromycin amino-
nucleoside (PAN) injection, which was followed by a
transient decrease in filamentous actin (F-actin) and an
increase in globular actin (G-actin). These data indicate that
the nephrin–Nck signal cascade is physiologically important
in the actin cytoskeletal dynamics of podocytes.
RESULTS
Generation of anti-phosphorylated nephrin antibodies
Rabbit anti-pY1204 and anti-pY1228 rat nephrin antibodies
were generated. After affinity purification with the phospho-
peptide and immunoabsorption against non-phosphopeptide,
no reactivity to non-phosphopeptide was detected by enzyme-
linked immunosorbent assay (data not shown). To check
whether these phosphospecific antibodies recognized phos-
phorylated nephrin, we performed an immunoprecipitation
and immunoblot of 3xFLAG-tagged nephrin transiently
expressed in COS cells. As shown in Figure 1a, a 180 kDa
protein was immunoprecipitated and detected by the
anti-FLAG M2 antibody in the presence or absence of
pervanadate, a stimulator for tyrosine phosphorylation.
Antibodies to pY1208 and pY1228 detected the 180 kDa band
immunoprecipitated by M2 antibody only in the presence of
pervanadate treatment, indicating that these antibodies
recognized tyrosine-phosphorylated nephrin. Then, we
checked whether these antibodies detected the native
phosphorylated nephrin in glomeruli. We chose protein
samples from glomeruli before and after injection of PAN,
because at this point we did not know the phosphorylation
status of nephrin in normal and disease states. As shown in
Figure 1b, a 180 kDa band was detected with both antibodies.
This band was more abundant in a sample from normal
glomeruli than in glomeruli 4 days after PAN injection, which
was confirmed in Figure 3. The band disappeared when the
antibodies were applied to the membranes with the
phosphorylated antigen peptide, but did not disappear with
the corresponding non-phosphorylated peptide, indicating
that the band detected with these antibodies was phosphory-
lated nephrin. An antibody to podocin was also successfully
generated as shown in Figure 1c.
Nephrin phosphorylation in PAN nephrosis
We prepared protein samples from the glomeruli of rats with
PAN nephrosis at multiple time points. We confirmed the
successful generation of the rat nephrosis model by measur-
ing urine protein excretion and performing electron micro-
scopy. Figure 2a shows the development of proteinuria after
the injection of puromycin. Proteinuria began to develop
4 days after injection, peaked at day 7, and recovered to almost
a normal level at day 28. Electron microscopy (Figure 2b)
showed the appearance of diffuse foot process effacement
4 days after injection, which is before the development of overt
proteinuria.
Phosphorylation of nephrin at Y1208 and Y1228 showed
similar patterns during the course of PAN nephrosis; both
phosphorylations were observed in normal glomeruli on day
0, began to decrease rapidly after PAN injection on day 1,
became almost undetectable on days 7 and 14, and finally
recovered on day 28 (Figure 3a and b). This result clearly
indicates that Y1228 is also a phosphorylation site in nephrin,
in addition to Y1208. In contrast to the dynamic changes in
phosphorylated nephrin, the magnitude of decrease in total
nephrin content was at most 40% on day 14, and podocin
content was not significantly changed during PAN nephrosis.
Data from the immunoblot analysis were confirmed by
immunofluorescence microscopy (Figure 4). Strong pY1208
(Figure 4a) and pY1228 (Figure 4b) nephrin immunofluores-
cence was detected on day 0, significantly decreased on days 4
and 7, and recovered on day 28. Immunofluorescence of total
nephrin (Figure 4c) changed from linear pattern (day 0) to
cytoplasmic pattern (days 4 and 7), and the fluorescent signal
appeared to be decreased significantly on day 7. However, the
magnitude of decrease in total nephrin appeared to be less
than that of phosphorylated nephrin on days 4 and 7,
indicating that the decrease of phosphorylated nephrin was
mostly due to the decrease of phosphorylation itself, not to
the decrease of total nephrin. Podocin staining was relatively
constant during PAN nephrosis (Figure 4d).
G-actin/F-actin contents in PAN nephrosis
As phosphorylation of nephrin at Y1208 was previously
linked to the regulation of actin dynamics, we investigated
the changes in the G-actin and F-actin contents during PAN
nephrosis. As shown in Figure 3c and d, shortly after PAN
injection, G-actin increased and F-actin decreased along with
the decrease in nephrin phosphorylation. Phalloidin staining
of glomeruli (Figure 5) showed that the decrease in F-actin
mostly occurred not in the mesangial area but in the
peripheral capillary loop. These results suggest that phos-
phorylation of nephrin may be involved in the maintenance
of F-actin in podocytes.
Nephrin phosphorylation in human minimal change nephrosis
Finally, we investigated the status of nephrin phosphoryla-
tion in human minimal change nephrosis (n¼ 7). We used
only the antibody to pY1228, as its sensitivity was better than
the antibody to pY1208. In contrast to the intense
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immunofluorescence observed in normal kidneys (biopsy
specimens from donor kidneys, n¼ 5), the signal in minimal
change nephrosis was faint and irregular along the capillary
loops (three representative cases are shown in Figure 6). Total
nephrin and podocin staining were relatively preserved
compared with phosphorylated nephrin staining.
DISCUSSION
The phenotypes of podocytes from Fyn knockout mice and
Nck1 and Nck2 double-knockout mice strongly suggested the
importance of tyrosine phosphorylation of nephrin (Y1208
in mice) for normal podocyte morphology and function.6,7
However, there have been no reports that describe phosphor-
ylation of Y1208 in normal podocytes in vivo. Verma et al.7
could not detect phosphorylation of Y1208 by using anti-
pY1208 antibody in normal mouse glomeruli. To detect
phosphorylation in vivo, they needed a pervanadate treat-
ment that induces tyrosine phosphorylation. This finding
argues against the physiological role of nephrin phosphory-
lation proposed by knockout mice studies. Rather, Verma
et al.7 found transient induction of phosphorylation at Y1208
after the perfusion of protamine sulfate into mouse kidneys.
They speculated that induction of nephrin phosphorylation
may be important to regenerate the actin cytoskeleton after
podocyte injury. In this study, we generated two kinds of
anti-phosphorylated nephrin antibodies. One antibody
recognized pY1208 and the other antibody recognized
pY1228. In the case of anti-pY1208, we used the peptide
sequence used by Verma et al.7 However, we could detect the
signal of phosphorylated nephrin in normal rat glomeruli by
both immunoblot and immunofluorescence without the
pervanadate pretreatment. This discrepancy may come from
a difference in sensitivity of the antibodies. We also found
that pY1208 was rapidly reduced after the PAN injection but
before the development of overt proteinuria. In this respect,
pY1208 may be a sensitive marker for podocyte injury. As
shown in Figures 2 and 3, the decrease in pY1208 may be
correlated with the increase of foot process effacement. This
notion is also supported by the marked decrease of pY1228
immunofluorescence in human minimal change nephrosis.
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Figure 1 | Characterization of antibodies. (a) Detection of immunoprecipitated 3xFLAG-tagged nephrin transiently expressed in COS cells.
3xFLAG-tagged nephrin immunoprecipitated with anti-FLAG M2 antibody was run on SDS–PAGE. With or without pervanadate treatment
(100mM for 30 min), anti-FLAG M2 antibody detected nephrin. However, both anti-pY1208 and anti-pY1228 antibodies detected a band only in
the immunoprecipitated nephrin from pervanadate-treated cells. (b) Immunoblot of glomerular lysates with anti-pY1208 and anti-pY1228
antibodies. Lanes 1 and 2 are lysates from glomeruli before and after (4 days) puromycin treatment, respectively. Signals detected without the
antigen peptide completely disappeared after immunoabsorption of the antibody with the corresponding phosphorylated peptide
(10mg ml1), but not with the non-phosphorylated peptide. (c) Immunoblot of glomerular lysates with anti-podocin antibody. A single band
around 40 kDa was detected with the anti-podocin antibody, which was immunoabsorbed with the antigen peptide (10 mg ml1).
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Figure 2 | PAN nephrosis. (a) Quantification of proteinuria during the course of PAN nephrosis. *Indicates Po0.05 when compared
to the control (day 0) with ANOVA (means±s.e., n¼ 5). (b) Electron microscopy showing glomerular capillary walls. Original magnification
 6000. Foot process effacement was observed on days 4, 7, and 14.
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Figure 3 | Decreased phosphorylation of nephrin and changes in the G- and F-actin contents during PAN nephrosis. (a) Representative
immunoblots of pY1208-nephrin, pY1228-nephrin, total nephrin, podocin, and GAPDH in PAN nephrosis. A total of 10mg of protein was
loaded in each lane. (b) Quantification of the immunoblots shown in (a). Intensities of the bands were analyzed with ImageGauge software
(Fujifilm). Each value was corrected by the value of GAPDH, and expressed as relative abundance (day 0¼ 1). *Indicates Po0.05 when
compared with the control with ANOVA (means±s.e., n¼ 5). (c) Representative immunoblots of G-actin, F-actin, and GAPDH in PAN nephrosis.
(d) Quantification of the immunoblots shown in (c). Intensities of the bands were analyzed with ImageGauge software (Fujifilm, Tokyo, Japan).
Relative abundance was calculated as in (b). *Indicates Po0.05 when compared with the control with ANOVA (means±s.e., n¼ 5).
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In addition to the antibody to pY1208, we also generated an
antibody to pY1228, as the sequence around Y1228 is
completely conserved among rats, mice, and humans, and
Nck binds to pY1228.6 Although it was uncertain whether
Y1228 was the phosphorylation site in the previous report,
our data clearly show that Y1228 is also a phosphorylation
site of nephrin. The changes in the levels of pY1228 and
pY1208 during the course of PAN nephrosis showed a similar
pattern, suggesting that both residues were phosphorylated
by the same mechanism, probably Src family kinases, and
then the signal was transmitted to Nck.
The presence of phosphorylation in the normal state and
the decrease in phosphorylation in a podocyte injury model
clearly suggest that nephrin phosphorylation is important for
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Figure 4 | Immunofluorescence of phosphorylated nephrin, total nephrin, and podocin in glomeruli of rats with PAN nephrosis.
Glomeruli in PAN nephrosis on days 0, 4, 7, and 28 were stained with antibodies to phosphorylated nephrin (pY1208 (a) and pY1228 (b)), total
nephrin (c), and podocin (d).
Day 28Day 4Day 0
Figure 5 | F-actin staining of glomeruli from rats with PAN nephrosis. F-actin was visualized with Alexa488-labeled phalloidin. The staining
of peripheral capillary walls (shown with arrows) was decreased in the pictures from day 4.
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maintaining the normal structure and function of podocytes.
Previously, in an overexpression system in cultured cells, the
phosphorylation of nephrin induced focal F-actin forma-
tion.6,7 Accordingly, we measured the contents of G-actin and
F-actin in glomeruli during the course of PAN nephrosis. As
shown in Figure 3c and d, little G-actin was normally
detected in glomerular lysates under our assay conditions.
However, as soon as the phosphorylation of nephrin
decreased, the G-actin content increased and the F-actin
content decreased in glomeruli on days 1 and 4. Phalloidin
staining (Figure 5) suggested that the decrease in F-actin
mainly occurred in the peripheral loops, not in the mesangial
areas. It remains to be determined why the change in G-actin/
F-actin contents in glomeruli returned to baseline on day 7
while the phosphorylation of nephrin was still low. There
might be unknown compensatory mechanisms for the injury
caused by puromycin. Nonetheless, these results are con-
sistent with the idea that nephrin phosphorylation is indeed
involved in the actin dynamics in podocytes.
Finally, we confirmed that nephrin is phosphorylated in
normal human glomeruli, and we found that the phosphor-
ylation is significantly decreased in minimal change nephrosis.
Accordingly, immunostaining of p-nephrin may be a
convenient tool to diagnose minimal change nephrosis before
examination by electron microscopy. In PAN nephrosis in rats
and minimal change nephrosis in humans, decreased nephrin
phosphorylation may be involved in the pathogenesis of the
diseases. However, it is possible that increased nephrin
phosphorylation may also be involved in the pathogenesis
of certain types of nephritis. Actually, Li et al.11 found
increased tyrosine phosphorylation of nephrin in the rat
Heymann nephritis model, although the phosphorylation was
not identified by using anti-phosphorylated nephrin antibody.
Thus, these antibodies to phosphorylated nephrin should be
used for further immunostaining of glomeruli from various
types of human nephritis. Such studies will be the next
important step in understanding the pathophysiological roles
of nephrin phosphorylation.
MATERIALS AND METHODS
Generation of anti-pY1204 and anti-pY1228 rat nephrin
antibodies
Rabbit polyclonal phosphospecific antibodies recognizing pY1228 of
rat nephrin were raised against high-performance liquid chromato-
graphy-purified synthetic oligopeptide DPRGI(pY)DQVAþC. The
antisera were affinity purified by using the antigen phosphopeptide
and then further immunoabsorbed against the corresponding non-
phosphopeptide. After immunoabsorption, no reactivity to the non-
phosphopeptide was detected by enzyme-linked immunosorbent
assay. Rabbit polyclonal phosphospecific antibodies recognizing
pY1204 of rat nephrin were generated by using the peptide that was
previously used to generate antibodies to pY1208 of mouse nephrin.
This phosphopeptide is CþWGPL(pY)DEVQM, where the under-
lined Q is R in rat nephrin. Rabbit anti-human podocin antibody
was generated against a synthetic peptide, Cþ SKPVEPLNPKKKD
SPML, which corresponds to the C-terminal portion of podocin and
then affinity-purified.
Transient expression of 3xFLAG-tagged rat nephrin in COS
cells
Nephrin cDNA was obtained by reverse transcription PCR using
mRNA from rat glomeruli as a template.13 Nephrin cDNA was
Normal kidneys Minimal-change nephrosis
a
b
c
20 µm
Figure 6 | Immunofluorescence of phosphorylated nephrin, total nephrin, and podocin in glomeruli of human normal kidneys and
minimal change nephrosis. Biopsy specimens from donor kidneys and minimal change nephrosis were immunostained with anti-pY1228
(a), anti-total nephrin (b), and anti-podocin (c) antibodies. Three representative cases were shown. Signals were detected by using
LSM510-Meta confocal microscopy under a constant laser and detector setting.
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inserted into 3xFLAG vector (Sigma, St Louis, MO, USA), and then
3xFLAG-tagged nephrin cDNA was transferred into a pQCXIP
expression vector (Takara, Otsu, Shiga, Japan). 3xFLAG-tagged
nephrin was transiently expressed in COS cells using Lipofectamine
2000 reagent (Invitrogen, Carlsbad, CA, USA). Pervanadate was
generated as described previously,14 and the cells were treated with
100mM of pervanadate for 30 min before harvest. For immunopre-
cipitation of FLAG-tagged nephrin, cell lysates in a RIPA (radio-
immunoprecipitation assay) buffer containing 1 mM Na
orthovanadate and 50 mM Na fluoride were incubated with anti-
FLAG M2 antibody-conjugated agarose (Sigma) at 4 1C for 3 h. After
five washes with RIPA buffer, immunoprecipitated proteins were
eluted by boiling the agarose in sodium dodecyl sulfate (SDS)
sample buffer.
Generation of PAN nephrosis in rats
Puromycin (15 mg per 100 g body weight) was injected intraper-
itoneally into Sprague–Dawley rats (B150 g). Kidney and urine
samples were obtained on day 0 (before injection) as well as on 1, 4,
7, 14, 21, and 28 days after injection. For immunofluorescence,
frozen sections were prepared after perfusion fixation with 4%
paraformaldehyde. Glomeruli isolated by the sieving method were
used for immunoblot assays and G-actin and F-actin measurements.
Animal experiments were performed according to the guidelines of
Tokyo Women’s Medical University.
Immunoblot and immunofluorescence microscopy
Isolated glomeruli were homogenized in a buffer containing 250 mM
sucrose, 10 mM triethanolamine, 1 mM EGTA (ethylene glycol
bis(b-aminoethylether)-N,N0,N0,N0,-tetraacetic acid), 1 mM EDTA,
1 mM Na orthovanadate, 50 mM Na fluoride, pH 7.2, with protease
inhibitor cocktail (Complete; Roche, Mannheim, Germany). After
centrifugation at 600 g, the supernatants were collected and used for
SDS/PAGE (polyacrylamide gel electrophoresis). Total protein
concentration of the samples was measured, and equal loading of
the samples in SDS/PAGE (10 mg per lane) was confirmed by silver
staining of the gel and the immunoblot with anti-GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) antibody (Santa Cruz
Technology, Santa Cruz, CA, USA). For immunoblotting, SDS/
PAGE was performed with a 5–20% gradient mini gel, and proteins
were transferred to nitrocellulose membranes (Hybond ECL; GE
Healthcare UK Ltd, Amersham Place, UK). After blocking
nonspecific binding with 5% non-fat dry milk in Tris-buffered
saline with 0.05% Tween 20, the blots were incubated with a 1:100
dilution of anti-nephrin antibody (Santa Cruz Technology), anti-
podocin antibody, or anti-phosphorylated nephrin antibodies.
Signals were detected with alkaline phosphatase-conjugated anti-
rabbit IgG antibody (Promega, Madison, WI, USA) and Western
blue reagent (Promega). Antigen absorption tests were performed by
mixing antibody with the corresponding peptide at a concentration
of 10 mg ml1. Immunofluorescence staining of podocin and
phosphorylated nephrin was performed with a 1:100 dilution of
primary antibodies and a 1:200 dilution of Alexa546- or Alexa488-
conjugated anti-rabbit IgG secondary antibody. Immunofluores-
cence staining of total nephrin was performed with a 1:100 dilution
of GP-N2 anti-nephrin antibody (PROGEN, Heidelberg, Deutschland)
and a 1:200 dilution of Alexa488-conjugated anti-guinea pig IgG
secondary antibody. Kidney biopsy samples were obtained from
patients admitted to Kidney Center, Tokyo Women’s Medical
University for treatment of nephrosis and transplantation. Signals
were detected by using LSM510-Meta confocal microscopy under a
constant laser and detector setting. Alexa488-conjugated phalloidin
was used to visualize F-actin.
Measurement of G-actin and F-actin
G-actin and F-actin content in the glomeruli was measured using a
G-actin/F-actin in vivo assay kit (Cytoskeleton Inc., Denver, CO,
USA). Briefly, isolated glomeruli from one kidney were homogenized
in 500ml of buffer provided in the kit in the presence of ATP and
protease inhibitors. After removing nuclei and unsolubilized
materials by low-speed centrifugation (600 g), supernatants were
then centrifuged at 100 000 g for 1 h. The resultant pellets containing
F-actin were treated with 10mM cytochalasin D, run on SDS/PAGE
with the supernatants, and immunoblotted with anti-globular actin
antibody provided in the kit. Immunoblot of total cell lysates using
anti-GAPDH antibody was performed as a control for quantification.
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